The effects of metal ions on DNAdamage induced by hydrogen peroxide were investigated using two methods, agarose-gel electrophoretic analysis of supercoiled DNAand sequencing-gel analysis of single end-labeled DNAfragments of defined sequences. Hydrogen peroxide induced DNAdamage when iron or copper ion was present. At least two classes of DNAdamagewere induced, one being direct DNA-strand cleavage, and the other being base modification labile to hot piperidine. The investigation of the damaged sites and the inhibitory effects of radical scavengers revealed that hydroxyl radical was the species which attacked DNAin the reaction of H2O2/Fe(II). On the other hand, two types of DNAdamage were induced by H2O2/Cu(II). Type I damage was predominant and inhibited by potassium iodide, but type II was not. The sites of the base-modification induced by type I damage were similar to those by lipid peroxidation products and by ascorbate in the presence of Cu(II), suggesting the involvement of radical species other than free hydroxyl radical in the damaging reactions.
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Various active oxygen species such as singlet oxygen, superoxide anion, hydrogen peroxide, and hydroxyl radicals are generated as byproducts during aerobic metabolisms in somatic cells. These highly reactive species have a wide potential for causing cell injury and even death.1} Nucleic acids, enzymes, and membranes are all at risk of suffering the attack by free radicals. Especially, DNAseems important as a critical target because of its central role in genetic information. Damage in DNAinduces mutations, which may be significant factors in aging, tumorigenesis, and heart disease. 2'3) Hydrogen peroxide (H2O2) is one of the active oxygen species, capable of injuring DNA.4'5'6) Although hydrogen peroxide is a relatively stable oxidant, it also produces various reactive chemicals in the presence of transition metal ions. The toxicity of hydrogen peroxide is thought to be mediated in part by a Fenton reaction.7) The monovalentreduction of hydrogen peroxide can generate a hydroxyl To whomcorrespondence should be addressed. 69 radical (HO*), which is one of the most harmful species. The hydroxyl radical is thought to attack both the deoxyribose sugars arrayed along the surface of DNA4'8) and the bases of which is constructed the DNAmolecule.6) The The activities of DNAcleavage were estimated from the meannumbersof single-strand cleavages per DNAmolecule (S), which were calculated from the fractions of forms I and II DNAas described in Materials and Methods ( Wehave reported that lipid peroxidation products10) and ascorbate1 !) in the presence of Cu(II) induced base modification labile to hot-piperidine treatment. Hydrogen peroxide was also supposed to induced base modifications in DNAother than the direct cleavage of the DNAbackbone. To examine this possibility, DNAwas treated with hot piperidine (1m piperidine, 90°C for 30min) after the DNA-damaging reaction. The sequencing-gel electrophoretic analysis revealed that H2O2/ Cu(II) induced DNA damage labile to hot piperidine at specific sites ( Fig. 2 lanes 4-6) .
The strength of the damage was dependent on the concentration of hydrogen peroxide. To locate the sites of DNAdamage precisely, we scanned the autoradiogram in Fig. 2 with a microdensitometer. The relative positions of DNA damage labile to hot piperidine were found (Fig. 3) as described in Materials and Methods. H2O2/Cu(II) caused DNAdamage labile to hot piperidine preferentially at pyrim- idine residues and guanine residues at the 5' side of purine residues (Fig. 3B) . Interestingly, the sites of the preferentially damaged pyrimidine residues were identical to the sites damaged by ascorbate and Cu(II) (Fig. 2 lane   3 and Fig. 3C ).
H2O2/Fe(II) also induced DNA damage labile to hot piperidine in proportion to the concentration of hydrogen peroxide (Fig. 2  lanes  7-9) . DNA damage induced by H2O2/Fe(II) occurred almost randomly at any nucleotides except adenine residues. The preferential sites of the damage induced by H2O2/Fe(II)
were clearly different from those induced by H2O2/Cu(II). These results suggest that different radical species might be generated from H2O2/Fe(II) and H2O2/Cu(II) and induced different kinds of DNAdamage.
Involvement of radical species in DNA-cleavage reaction of H202jFe{IT) and H2O2/Cu(II)
The difference of the preferentially damaged sites induced by H2O2/Fe(II) and H2O2/Cu(II) could be due to a difference of radical species involved in the DNA-damagingreactions. To identify the radical species involved, we examined the inhibitory effects of radical scavengers and enzymes on DNA cleavage of supercoiled DNA (Table II) . Catalase, which catalyzes the decomposition of hydrogen peroxide, inhibited both reactions, although the inhibitory effect against the reaction of H2O2/Cu(II) was much higher than against that of H2O2/Fe(II). The DNAcleavage reaction of H2O2/Fe(II) with supercoiled DNAwas finished within 10 sec, but that of H2O2/Cu(II) proceeded for longer than 30min (data not shown). The reaction of hydrogen peroxide with Fe(II) is supposed to be so fast that the reaction proceeds before catalase reacts with hydrogen peroxide.
Potassium iodide and sodium benzoate showed distinct effects. Potassium iodide, which reacts with hydroperoxides to produce alcohol and H2O, inhibited the DNAcleavage by H2O2/Cu(II) almost completely, but it had a very weak inhibitory effect on the DNA cleavage by H2O2/Fe(II). On the other hand, sodium benzoate, which is a scavenger of hydroxyl radicals, weakly inhibited the cleavage by H2O2/Fe(II), but not the cleavage by H2O2/Cu(II).
Wewere interested in the strong inhibitory effects of potassium iodide on the DNAcleavage reaction of H2O2/Cu(II). Wefurther investigated the inhibitory effect of potassium iodide on the DNA-damaging reaction using end-labeled DNA fragments as a substrate (Fig. 4) . Potassium iodide inhibited the DNAdamaging reaction of H2O2/Cu(II). The scanning patterns clearly show that potassium iodide inhibited the damage specially at pyrimidine and guanine residues at the 5' side of purine residues. The base modification occurring at other guanine residues was not inhibited by potassium iodide. The 3'-end-labeled DNAfragment 257 bp long (0.4mM bp) was incubated with 0.1 mMhydrogen peroxide in the presence of 50fiM CuCl2 (A) or 50/*m FeSO4 (B) without (upper panels) or with (lower panels) 50mM potassium iodide at 37°C for 20min (A) or 5 min (B). After the reaction, the DNAfragment was treated with hot piperidine and put on a sequencing gel. The autoradiogram was scanned with a microdensitometer and the sites of DNAdamages and the relative amounts of oligonucleotides produced were analyzed as in Materials and Methods. adenine residues, which mayreflect the tendency in the reaction rate of mononucleotides with hydroxyl radicals (dGMP>dTMP> dCMP>dAMP).18)
On the other hand, the base modifications induced by H2O2/Cu(II)
were sequence-or base-specific. More detailed investigation (Fig. 4) revealed that H2O2/ Cu(II) induced two types of base modification in DNA. Type I base-modification was sequence-specific, occurring at pyrimidine and guanine residues at the 5' side of purine residues, and was inhibited by potassium iodide. Type II was base-specific at guanine residues, which was not inhibited by potassium iodide. Type I base-modification seems predominant because the cleavage of supercoiled DNA was inhibited almost completely by potassium iodide.
The sequence-specificity of the DNA damage and the inhibitory effect of radical scavengers suggested that the molecule inducing the type I base-modification in the reaction of H2O2/Cu(II) is similar to that in the reactions of ascorbate11} or lipid peroxidation products10* in the presence of Cu(II) and is different from that in the reaction of H2O2/Fe(II). Hydrogen peroxide is postulated to be reduced in a Fenton type reaction and to produce hydroxyl radicals in the presence of Fe(II).
H2O2+Fe2+ ->Fe3++OH +HO\
The tendency in the damaged nucleotides (G>T>C>A) and the inhibition of the DNA cleavage by sodium benzoate, although it was weak, suggest that the hydroxyl radical is the species which attacks DNAin the damaging reaction of H2O2/Fe(II).
In the reaction of H2O2/Cu(II), the first reaction should be the reduction of Cu(II).
Cu2++H2O2
-+Cu++H++HO2* This reaction proceeds slowly. The production of Cu(I) could be confirmed by measuring the color-product of Cu(I)-chelated bathocuproinedisulfonic acid (data not shown). Because the damaged sites were sequencespecific and because sodium benzoate had no effect on the DNAcleavage by H2O2/Cu(II), free hydroxyl radicals may not be responsible for the type I DNA damage, although the involvement of hydroxyl radicals is still possible in the type II guanine-specific DNA damage. We postulate the formation of the Cu+-HO2* complex or the Cu2+-HO* complex and the direct involvement of these complexes in the DNAdamage.
Cu2+ +H2O2^Cu+-HO2'+H+ Cu+ +H2O2 ->Cu2+-HO'+OHH ydrogen peroxide reacts with Cu(II) or Cu(I) complexed to the DNA,the Cu(I)-or Cu(II)-complex of active oxygen bound to the specific sites of DNAsequence directly may react with DNA.Sodium benzoate may fail to react with these complexes. The DNA damage of this type is also induced by ascorbate and lipid peroxidation products and is, therefore, biologically important.
